In the present study, we show that the Gβγ subunits
of heterotrimeric G proteins play a key role in orienting age plane ( Figure 1E ). The significant effect of βARK-ct on altering the cleavage plane suggests that active Gβγ the mitotic spindle perpendicular to the ventricular surface (along the apical-basal axis) in the developing neocontributes to proper mitotic-spindle orientation in cortical progenitor cells. To further verify the role of Gβγ cortex. We also demonstrate that shifting the mitotic spindle from the apical-basal to planar axis by disruptsignaling, we expressed wild-type Gαi, which is known to sequester free Gβγ and thereby inhibit Gβγ signaling ing the Gβγ signaling is associated with hyperdifferentiation of progenitors and overproduction of neurons. In (Federman et al., 1992; Crespo et al., 1994) . Similar to the overexpression of βARK-ct, overexpression of Gαi3 aladdition, we provide evidence that Gβγ is required for asymmetric cell-fate choices of progenitors. These tered the orientation of the cleavage plane ( Figures 1D  and 1E ). To exclude the possibility that the alteration of findings suggest that the spindle orientation of progenitor cells is coupled to daughter cell-fate choices in the the cleavage plane observed upon overexpression of wildtype Gαi is due to spontaneous GDP-GTP exchange and developing neocortex. Furthermore, our results indicate that AGS3 functions as an activator of Gβγ signaling in activation of introduced Gαi, we transfected Gαi3(Q204L), a GTPase-deficient constitutively active form of Gαi3. Excortical progenitors. Together with the polarized distribution of Gβγ in the progenitor cells, this study estabpression of Gαi3(Q204L) had no effect on spindle orientation ( Figure 1E ), suggesting that the alteration of spinlishes a link between AGS3-Gβγ signaling and proper spindle orientation, hence asymmetric cell-fate deterdle orientation induced by overexpression of Gαi3 is due to the sequestration of Gβγ. mination of cerebral cortical progenitor cells during mammalian neurogenesis.
We also examined the mitotic spindles using an α-tubulin antibody. As shown in Figures 1F and 1G (Figures 1D and 1E) . Similar distribution neocortex. of the three alternative division planes was observed in untransfected dividing cells ( Figure 1E ), suggesting that electroporation or GFP expression per se had no effect Neuronal Differentiation Is Promoted by Impairment of G␤␥ Signaling in Progenitors on the cleavage plane of cortical progenitor cells.
To determine whether G proteins are involved in this To assess whether increased neuron production induced by impaired Gβγ is due to hyperdifferentiation of process, we took advantage of the finding that overexpression of the carboxy-terminal region of β-adrenergic neural progenitor cells, we examined a potential reduction of the mitotic-cell fraction in βARK-ct/Gαi3-transreceptor kinase (βARK-ct) blocks Gβγ-dependent signaling events by sequestering free Gβγ without affecting Gα fected progenitors by immunohistochemistry using the phosphohistone H3 (P-H3 Figure S1 ). This suggests a direct and specific regulation of the mitotic spindle 1995). In contrast, cell divisions with horizontal cleavage planes generate an apical daughter that remains a by the AGS3-Gβγ pathway. In addition, AGS3 RNAi did Figure 7E ). The tually leading to overproduction of neurons. However, masking or removal of the cue (or its recognition this model does not appear to be the case, as the ratio machinery) results in randomization of cleavage orienof dividing cells in the SVZ to those in the VZ did not tation, hence asymmetric cell division (Rhyu and Knoblich, increase but rather was significantly decreased in corti-1995). Alternatively, it is also possible that asymmetric ces expressing βARK-ct or Gαi3 ( Figure S4 ). This result cell division is caused by the presence of another cue suggests that disruption of the Gβγ signaling affects localized to the apical-basal axis that instructs the two types of asymmetric cell divisions, namely, progenastral microtubules to orient the spindle perpendicular itor-neuron and progenitor-intermediate progenitor divito the ventricular surface. In the present study, we desions, which in turn induces a shift from the asymmetric monstrate that attenuation of the Gβγ signaling markdivisions to the neurogenic symmetric cell divisions by edly increases the vertical cleavage of progenitors. We altering the orientation of spindles.
hypothesized that when Gβγ signaling is inactive, the planar polarity cue directs the mitotic spindle to orient along the planar axis. On the other hand, the recogni-AGS3 as a Potential Regulator of G␤␥ Signaling in Neural Progenitor Cells tion of the planar polarity cue by astral microtubules is incapacitated upon activation of the Gβγ signaling, Mammalian AGS3 has been shown to function as a guanine-nucleotide-dissociation inhibitor that binds to resulting in randomization of the spindle orientation (see Figure 7E ). This model is in contrast to the roles of and stabilizes GDP bound Gαi and thereby prevents GDP release (Natochin et al., 2000) . Upon AGS3 binding G proteins described in Drosophila neuroblasts and C. elegans embryos, in which G proteins are required to Gα, Gβγ is released from GDP bound Gα and in turn activates downstream signaling events (Takesono et either to connect astral microtubules to the cell cortex or to activate molecular motors that pull on the microtual., 1999). We show that Gαi3 associates with AGS3 in progenitors. Importantly, silencing of AGS3 affects the bules. Thereby, inactivation of G proteins results in randomization of the spindle orientation in these cells. In spindle orientation and cell-fate decisions of progenitor cells in a manner similar to attenuation of Gβγ signaling. support of our model, the present study demonstrates that the metaphase plate did not show dynamic rotaTaken together, our findings illustrate a model by which Gβγ subunits are released from Gαi upon association of tion upon silencing of AGS expression but rather was kept along the apical-basal axis. Furthermore, the Gβ1γ AGS3 with Gαi, leading to activation of Gβγ signaling. Furthermore, activated Gβγ is required for progenitor subunits in the progenitors localize to the cell cortex facing astral microtubules, supporting the idea that free divisions along the apical-basal axis and proper cellfate determination of progenitors.
Gβγ may attenuate the connection between astral microtubules and the polarity cue laterally located in Recently, an AGS3-related protein, mammalian Pins, has been shown to be required for dynamic microtuprogenitors. Alternatively, Gβγ may act on microtubules directly ( 
